Abstract. This paper presents pin-ended compression tests on steel equal angles. Three nominal section sizes were tested. Detailed measurements of material properties, residual stresses, and geometrical imperfections were conducted. The pin ended specimens were tested with a minimal eccentricity of L/1,000 applied about the minor axis to cause compression at the tips of the legs. The test data are compared with the Indian specifications for hot-rolled steel structures. The section capacities obtained from the column tests are found to be between 15 and 40% higher than those calculated according to the specifications. It is concluded that there is no need to include the additional eccentricity specified in the steel structures standards accounting for the shift of the effective centroid, and that the eccentricity of L/1,000, specified for all section classes, should be applied to slender sections only.
Introduction
Single-angle compression members are simple structural elements that are very difficult to analyze and design. These members are usually attached to other members by one leg only. Thus the load is applied eccentrically. To further complicate the problem the principal axes of the angle do not coincide with the axes of the frame or truss of which the angle is a part. Although it is know that the end conditions affect the ultimate load carrying capacity of these members. Procedures have not been developed to do this as it is difficult to evaluate the end restraint in many practical cases. Yokoo et al. (1968) performed a study that included the testing of hot rolled single-angle members loaded concentrically in compression using a ball-joint connection. Kennedy and Murty (1972) presented a rational buckling analysis that was designed to overcome limitations in the American Institute of Steel Construction (AISC) Specifications and the Canadian Standards Association (CSA) design code. As part of the testing program designed to verify the analytical buckling analysis, 72 single-angle struts were tested with ends both fixed and hinged. All angles were designed to fail in elastically, and actual dimensions and yield stresses were measured as part of the testing program. Kitipornchai and Lee (1984) reported an experimental investigation into the inelastic buckling of axially loaded pin-ended single angle, tee, and double angle struts. A total of 54 struts were tested, comprising of 13 single equal and unequal-leg angles (repeated twice), and 12 tee struts. An experimental investigation was carried on the buckling strength of structural steel angles; various eccentricities and slenderness ratios were include and the test results agreed with theoretical predictions. Yokoo, Wakabayashi, and Nonaka (1968) tested fifty-seven mild steel equal-leg angles under both concentric and eccentric axial load-ing. while the simple approach of neglecting the eccentricity by modifying the effective slenderness ratio can be either conservative (Adluri, Madugula 1992) or unconservative for some practical cases of design (Elgaaly et al. 1991; Aydin 2009; Temple, Sakla 1995; Liu, Hui 2008 , 2010 . Woolcock and Kitipornchai (1986) suggested a design procedure that uses the uniaxial beam-column interaction equation for designing of web compression members in trusses.
Different design practices were presented and evaluated using experimental test results obtained from previous research. The two generally accepted design procedures the simple-column and the beamcolumn approaches. In general, underestimate the load carrying capacity of single-angle compression members attached by one leg to a gusset plate. There is a great variation between different design practices in the prediction of the compressive resistance of singleangle members. With that great variation it is difficult to determine the most appropriate design procedure to follow. This paper presents the results of hinged ended compression tests includes 12 one bolt, 6 two bolts and 6 welded end fixity considered test specimen performed for single equal angle section connected to gusset plate. The Indian Standard IS 800: 2007 has four design column curves corresponding to various types of sections and materials. The column curves are defined by the members ection constant (α) ranging from 0.21 to 0.76. Curves with α equal 0.21, 0.34, and 0.49 without considering factor γ m0 correspond closely to the SSRC curves 1, 2, and 3, respectively. The specific objectives of this program are to test slenderand non-slender equal angle columns, to compare the test resultswith the multiple column curves in IS 800: 2007.
Experimental program

Material properties test
Section size
Three different sizes of angles L 50 × 6, L 60 × 5, L 65 × 6 of various lengths were used to carry out experimental program. The specimen ID and nominal thicknesses of these three cross sections are shown in Table 1 . An effective length Factor considered as 1.0 to predict the compressive resistance means that bolts were designed as if the angles were concentrically-loaded and pinended. This is a common design practice to assume an effective length factor and calculate the ultimate load carrying capacity of the compression member.
Tensile coupon tests
For each angle section, 2 tension coupons were prepared for the tension tests, to obtain the mechanical properties of the steel angles. The labels for the coupons signify the section size of angles where they were cut from. The following number represents the section size, and the last character of the label identifies the serial number of tension coupons with the same section size.
The dimensions of tension coupons and their cutting locations in the angle legs are all based on the Indian Standard tensile testing requirement (IS 2062 (IS :2006 are shown in Figure 1 . The tension coupons are cut parallel to the rolling direction. The test is performed with TUE-C-N-1000 Universal Testing Machine (UTM). Experimental test set up for tensile test are shown in Figure 2 . The stress-strain curves obtained from tension coupon for each section respectively. Sample data of stress-strain curve for test specimen are shown in Figure 3 . 
Initial imperfections (out-of-straightness)
It is well-known that structural member is not perfectly straight, and that small initial imperfections can cause a significant drop in the concentric compressive strength of prismatic members. The effect of initial imperfections has been widely studied in the literature (e.g., Bjorhovde 1972 ) and has been accounted for, directly or indirectly, in most current designspecifications. Leg out-of-straightness measurements are shown in Figure 4 .
In this investigation, the initial out-of-straightness of 42 steel angles is determined. The specimens for each angle size varied between 900 to 1800 mm in length. For equal-leg angles, the out-of-straightness is measured directly about the principal axes. All measurements were taken from a datum formed by nylon wires tightly stretched. The average value of maximum out-of-straightness for the 42 specimens used in the study is calculated to be L/962. The ratio of standard deviation to mean is 0.338. Initial out of straightness measurement result are summarized in Table 2 .
Various authors havesuggested the initial out of straightness measurement same has been used by design code. As per British Standard (BS5 950:2000), Clause no. 6.4.3 has given Member imperfections for a compression member, this equivalent initial bow imperfection are specified in Table 3 . e 0 is the amplitude of the initial bow imperfection. Variation of the initial bow imperfection v 0 along the member length is given by, v 0 = e 0 sin πx/L, L is the member length; x is the distance along the member. According to Perry-Robertson formula (1925) there were tested about 200 samples for buckling test on I H T U circular and square section about Slenderness ratio 55 to 160, the imperfection is adopted e 0 /L = 1/1000.SSRC (Structural stability research council) 1979, Deterministic e 0 /L = 1/1000 adopted in CAN3-S16. 1-M84 (1974, 1978, 1984) , SANS Code, Probabilistic e 0 /L = 1/1470.ECCS (European Convention for Constructional Steelwork) 1972 conductedmore than 1000 buckling tests on I H T U circular and square section SR 55 to 160 more than 112 column curve produce, e 0 /L = 1/1000. European Standard adopted the member imperfections for a compression member, this equivalent initial bow imperfection are specified in Table 4 . It is found that the maximum permissible out-ofstraightness generally is around 1/1,000, independent of country code or other design jurisdiction.
Residual stress measurement
Structural steel shapes and plates contain residual stresses that result primarily from non-uniform cooling after rolling. Flame cutting (also called oxygen cutting) introduces intense heat in a narrow region close to the flame-cut edge. As a result, the material in this region acquires properties that are significantly different from those of the base metal, and residual stresses develop that are often much higher than the yield stress of the parent material (Alpsten, Tall 1969a; Bjorhovde 1972 ). Systematic research on the effect of residual stress on column strength was initiated in the late 1940s under the guidance of "Research Committee A" of the Column Research Council (Huber, Beedle 1954) . This work continued through the early 1970s in extensive research projects, primarily at Lehigh University (Alpsten, Tall 1969b; Bjorhovde 1972) . This experimental program mainly studied the longitudinal residual stress of equal angle steel sections. Three section sizes, including L 50 × 6 mm, L 60 × 4.5 mm and L 65 × 6 [nominal width × thickness of legs (mm)] are tested, and each section size had three section specimens; i.e., 9sections were measured in total. Each section is labelled separately. In the first column of Table 3 , R means the residual stress; L stands for the equal angle section, and the number following nominal width value of the specimens section, while last number is the serial number for the specimens with the same nominal section dimensions. The angles were cut 250 mm in length from longer sections, and 10 mm wide segments were marked along the cross-section. For each cross-sectional strip, 2 mm φ gage holes were drilled 150 mm apart in the longitudinal direction on each exposed face, as shown in Figure 5 . After specimens were placed in an environmental chamber for 6 hours, initial gage length measurements were made using digital callipers precise to 0.0025 mm. Specimens were cut at the heel to separate their legs and then cut into the 150 × 10 mm strips.
Demountable mechanical strain gauge
The demountable mechanical strain gauge (1/500 mm sensitivity) is a self-contained instrument consisting essentially of two coaxial tubes connected with a pair of elastic hinges (Fig. 6 ). Since the gages intended for repeated measurement at a series of stations rather than for fixed mounting at one station, consideration has been given to controlling accidental longitudinal forces which might be applied by the operator.
For strain measurements, the contact points are inserted into the drilled holes which are 150 + 0.025mm apart. Motion between the two frame members is measured directly with a dial indicator.
A tensile coupon test is conducted and the steel yield strengths f y for each specimen are summarized in Table 7 . Residual stress normally expressed by stress factors in the design codes in many countries, such as those listed in Table 5 . Similarly, in this study residual stresses σrcalculated from the experimental results were all divided by steel yield stress f y and are listed in Table 6 as β (β = σr / fy), which is called the residual stress factor in this investigation.
Residual stress distribution
Based on the experimental results of all hot rolled equal angles section considered, the curve for 9 sections are presented in Figure 7 (for specimen RL50-1 to RL65-3), it is found that the residual stresses at the toe of the legs are compressive and those at the median region of the legs are tensile, which is analogous to the distribution models in the American, European, and Chinese steel structure design codes as shown in Figure 8 .
Residual stress magnitudes
According to the American, European, and Chinese steel structure design codes, the residual stress distribution models of hot-rolled angles can be characterized by three values, including the maximum residual compressive stress factor at the toe of angle legs β1, the maximum residual tensile stress factor at the median region of legs β2, and the maximum residual compressive stress factor at corner β3, as shown in Figure 8 .
In this investigation, there are only measurements at the outside surface of the angle leg at the corner as a result of the shortage of operating space, and the test results are relatively more discrete and not quite typical. The test results at other regions are all the average values of those at both surfaces of the legs, which are more typical. Therefore, the latter are mainly the focus here, and maximum residual compressive stress factor β1 max at the toe of the legs and maximum tensile β2 max at the median region of the legs are summarized in Table 6. Regarding maximum residual compressive stress factor β3 at the corner of the legs, it is assumed to be equal to factor β1 according to the existing residual stress models, as shown in Figure 8 and Table 6 .
Comparing factors β1 max and β2 max of various angle sections in Table 6 with those listed in Table 5 , it is found that the present test results were nearest to those adopted in the American, European, and Chinese steel structure design codes; i.e., the maximum of these two factors is 0.25, while the minimum of the latter is 0.22. Relationship between the residual stress and the width-thickness ratio of the angle legs are shown in Figure 9 . The magnitude of the residual stresses can be as large as 65-105 MPa. Yokoo, Wakabayashi, and Nonaka (1968) tested fiftyseven mild steel equal-leg angles under both concentric and eccentric axial loading.
Compression tests
Procedure of buckling test of single angle
The experimental program is carried out to study the behaviour of single-angle compression members connected with bolted and welded at both ends. The compression test is carried out in the Loading frame with using Hydraulic Jack for loading and Proving ring for measured critical load. Experimental Study of various angle sections with different sizes and lengths for Single angle and closely spaced double angle back to back with welded and bolted end connection is carried out by using same experimental set-up and repetitive the same procedure for calculating the ultimate load. Figure 10 shows the end arrangement for test specimen and the experimental set up are shown in Figure 11 .
Testing procedure for measuring the buckling load is given below:
Step 1. The specimenis carefully aligned in the test setup.
Step 2. The loading line is passing from the centre of the hydraulic jack to eccentric with the centre of gravity of the test specimen. Due to the actual location of the end supports, the effective length of the specimen would be the centre-to-centre distance between the rollers of the end fixtures.
Step 3. After providing for a satisfactory alignment, a small load (about 1/15 to 1/20 of the estimated failure load) is kept applied to the specimen to preserve the aligned condition. Itis considered to be the initial load on the tested member, and all measurement devices are initialized at this load level.
Step 4. The onset of yielding of each specimen is first estimated prior to the start of testing by determining the proportional limit stress. This equals the yield stress minus the measured maximum compressive re- sidual stress of the specimen. This means that as long as the applied stress is smaller than the proportional stress, the behaviour is elastic. The converse is true for the inelastic range. Secondly, the start of the inelastic range is noticed by the reduction of the speed of testing as the stress passed from the elastic to the inelastic range. This is due to the fact that in the inelastic range the column deforms more rapidly than when in the elastic range.
Step 5. The specimen is tested with the hydraulic jack system, the load increment and the testing rate are determined individually. The maximum load and scale available with the hydraulic pump are the two major factors that controlled both of the above.
Step 6. The load increment ranged from 1 to 2 kN, depending on the size of the specimen. Each load increment is maintained until the readings for that increment are made. The incremental loading process and the recording of the corresponding readings are repeated until the maximum load of the member is reached.
However, due to the fact that the specimens are simply supported at both ends and are loaded axially, it is felt that it is safer not to load the specimens far beyond the maximum load. The load-deflection curves are given therefore does not show an appreciable postbuckling behaviour. More importantly, the main purpose of the tests is to obtain the buckling load and the mode of failure of the column, and not thebehaviour of the column after buckling. Halting the test shortly after the maximum load is reached therefore has no effect on the primary focus of the study.
Step 7. Careful attention is paid to the occurrence of any form of local buckling. To assist in this endeavour all specimens are whitewashed prior to testing. This is aid in determining the onset of any local buckling along with local yielding.
Step 8. Experimental study of various angle sections with different sizes and lengths for single angle and closely spaced double angle back to back with welded and bolted end connection is carried out by using same experimental set-up and repetitive the same procedure for calculating the ultimate load.
Comparison of experimental test results with IS 800:2007 buckling curves
After the testing of all specimens, buckling shapes are formed in angle section and the stresses developed in that section. These stress developed due to various failure pattern are shown in Figure 12 . At the same time we get the division on proving ring dial gauge from that find out ultimate load for test specimen are given in Table 7 to 9 for single angle with one bolt, two bolt and welded connection. Sample data of Typical Load vs mid-height Deflection graph of test specimen for single angle are shown in Figure 13 .
Experimental result for single angle of L 50 × 4, L 50 × 6, L 60 × 5, L 65 × 6 with slenderness ratio between 50 to 160 for bolted and welded connection are plot against IS 800:2007 column buckling curves are shown in Figure 14 to Figure 17 . 
Conclusions
No symmetrical residual stresses were observed even for the equal legged angles.Maximum compressive residual stress is 24% of yield stress that is obtained from the tension coupon test. Maximum measured tensile residual stress is (0.25Fy). The present test results were nearest to those adopted in the American, European, and Chinese steel structure design codes; i.e., the maximum of these two factors is 0.25, while the minimum of the latter is 0.22. 
